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Abstract :
 The performance-based engineering approach, as opposed to prescriptive rules of code-based design, is
based on simulation of real structural behavior. Reliability of the expected performance state is assessed by
using various methodologies based on finite element nonlinear static pushover analysis and specialized
reliability software package.Reliability approaches that were considered included full coupling with an
external finite element code based methods in conjunction with either first order reliability method or
importance sampling method. The building considered in the actual study has been designed against seismic
hazard according to the Moroccan code RPS2000.
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 1     Introduction
The finite element method is currently the dominating tool for simulating structural behavior. A coupling of
this method with reliability analysis algorithms leads to the finite element reliability method described in this
work. The first coupling between FORM (first-order reliability method) reliability analysis and the finite
element method is found in Der Kiureghian and Taylor [1]. Since then, a number of advances have been
reported, including those by Liu and Der Kiureghian [2], Gutierrez et al.[3], Zhang and Der Kiureghian [4],
Der Kiureghian and Zhang [5], Sudret and Der Kiureghian [6], Imai and Frangopol [7], Haldar and
Mahadevan [8],  and Frier and Sorensen [9]. Such methods address the key issue in performance-based
engineering. Based on performance criteria mandated by the client or the society, probability estimates for
reaching specified structural performance thresholds are computed. In addition, sensitivity and importance
measures for the model parameters are available.
Finite element reliability analysis (FERA) has been developed to account for uncertainties in structural
analysis. The input parameters of the finite element model are provided as random variables to account for
uncertainty in the material, geometry, and loading parameters. Subsequently, the probability of response
events is computed. This is achieved by defining limit-state functions (also referred to as performance
functions) in terms of response quantities of the finite element analysis.
Finite element reliability analysis using full coupling between a finite element code and reliability methods
such as the FORM and Monte Carlo methods tend to be computational time consuming for practical
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problems which could include a large number of random variables. At each iteration, the limit-state function
and its derivatives are to be evaluated through finite element computations. An effective method which
combines FORM and subsequent importance sampling around the most probable failure point has been
proposed by (Haukaas and Der Kiureghian [10]. The Importance Sampling Method (ISM) requires only a
limited number of evaluations of the limit-state function (and its gradient with respect to the random
variables) to find the approximation point, followed by efficient importance sampling analysis centered at
this point. In this last reference, Haukaas  and Der Kiureghian [10] have presented numerical examples
involving comprehensive nonlinear finite element models with approximately 500 random variables were
presented.
2        Finite element seismic reliability analysis of buildings
The performance-based engineering approach is based on simulation of real structural behavior. This feature
sets it apart from classical prescriptive rules associated to code-based design. The client or government
regulations prescribe desired performance objectives, which are translated into decision variables or
functions and serve defining performance criteria.
Applying reliability analysis methods in the context of performance-based engineering uses the specified
performance functions as performance criteria or limit-states. The term failure denotes then the event of not
meeting a given performance criterion. It is then important to know how to translate such performance
requirements into explicit performance functions attainable by finite element structural analysis.
In this work reference is made to the performance level introduced by the Moroccan seismic code RPS 2000,
[11], which intends limiting the building roof displacement ratio. Other performance criteria introduced to
distinguish performance-based engineering states with regards to earthquake events could be for example
those defined according to the Federal Emergency Management Agency [12].In this case, the performance
states include:  operational performance for which the event does not affect the occupants or functioning of
the building; immediate occupancy performance for which the occupants can immediately return to the
building after the seismic event; life safety performance and collapse prevention performance.
The client or code regulations determine in general an acceptable hazard level for each of these performance
requirements. For an earthquake event with probability, say, 50% in 50 years, immediate occupancy
performance may be demanded. On the other hand, for an earthquake event with probability 2% in 50 years
only life safety performance may be desirable. A formal similarity could be stated between the limit-state in
the present work according to RPS 2000 and the collapse prevention limit-state according to FEMA.
3  Reliability analysis methodologies
Reliability analysis is performed by using the Pacific Earthquake Engineering Research Center (PEER)
computational platform OpenSees, [10]. OpenSees is an abbreviation of Open System for Earthquake
Engineering Simulation, which is an open-source, general-purpose finite element code which was
specifically developed for earthquake engineering analysis. In order to enable finite element reliability
analysis OpenSees was extended with reliability and response sensitivity capabilities by  [10].
OpenSees is a collection of software components following an object-oriented programming approach. To
perform reliability analysis this platform contains objects that interrelate in combination with finite element
analysis. These include probability transformation, search algorithms to determine the most probable failure
point (MPP), random number generation and limit-state functions.
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Eight analysis types that facilitate FORM, SORM, First Order Second Moment (FOSM), sampling analysis,
parametric reliability analysis, system reliability analysis, out-crossing analysis, and visualization of the
limit-state function are available in the version of OpenSees used in this work. However, only two methods
will be considered in the following: the approximate method FORM and the more accurate Importance
Sampling Method (ISM).
FORM analysis is based on two mean operations. Firstly, the design point in the transformed uncorrelated
standard normal space should be located.  Secondly, the limit-state surface at this point is approximated by a
hyper-plane and use is made of the properties of the standard normal space to obtain the probability estimate.
4  Numerical Example
Consider the two-storey, two-bay reinforced concrete structure in Figure 1, Figure 2 and Table 1 for
reliability analysis. The material properties of the concrete and reinforcement steel and load parameters are
modelled as aleatory random variables, as detailed in Table 2. These are intended to model the inherent,
irreducible uncertainty in the finite element model parameters.
This limit-state function seeks the probability that the horizontal displacement at the roof of the structure
exceeds 0.4% of the building height, when deterministic lateral seismic is evaluated according the Moroccan
seismic code RPS2000 recommendations for a given geographic zone, soil site, ductility coefficient and
building priority. The limit state function writes
( )3g(x) 0.004 x6000 u mm= -                                                                                                             (1)
Where 3u  is the horizontal displacement, in units of mm, of node 3 from a static nonlinear pushover-type
analysis. .Reliability analyses are performed with FORM and MCS for  limit-state function in Eq. (1) . The
results are summarized in Table 3.
Table 1-  Applied vertical loads at the RC structural nodes
Nodes Vertical seismic load (kN)
2, 6, 8 2 6 8W W W 94.4= = =
3, 9 3 9W W 47.2= =
5 5W 188.8=
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FIG .1- two-storey two-bay reinforced concrete structure; (a) Vertical elevation, (b) Plane view
FIG. 2- Members reinforcements; (a) Exterior columns, (b) Interior columns, (c) Section Girders
Table 2-Uncertainty modeling of the random variables of the reinforced concrete buildings
Distribution Mean Coefficient of
variation
Standard deviation
Steel reinforcement material parameters:
yf Lognormal 500 (MPA) 0.05 25 (MPA)
E Lognormal 200000 (MPA) 0.05 10000 (MPA)
a Lognormal 0.02 0.05 0.001
Confined concrete material parameters:
'
c,ccf Lognormal 44.24(MPA) 0.15 6.636(MPA)
'
cu,ccf Lognormal 35(MPA) 0.15 5.24(MPA)
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c,cce Lognormal 0.005 0.15 0.00075
cu,cce Lognormal 0.015 0.15 0.00225
Unconfined concrete material parameters:
'
c,ucf Lognormal 30(MPA) 0.15 4.5(MPA)
'
cu,ucf N/A 0.0(MPA) N/A N/A
c,uce Lognormal 0.002 0.15 0.0003
cu,uce Lognormal 0.006 0.15 0.0009
Lateral loads:
P3 Lognormal 37.76  KN 0.2 7.552  KN
P2 Lognormal 18.88 KN 0.2 3.776 KN
* Correlation coefficient (P3,P2)=0.6
Table 3- Sampling analysis and FORM reliability results
Structure type reinforced concrete structure
Limit-state function type Displacement
Reliability index (FORM) 2.55725
Probability (FORM) 0.00527511
Reliability index (MCS) 2.57986
Coefficient of variation (MCS) 5%
Probability (MCS) 0.00494205
5       Conclusions
Within the framework of the same methodology of reliability analysis (either full coupling ), the approximate
method FORM does not give the same results than the more precise modified Monte Carlo ISM Method. In
general, FORM overestimates the probability of failure. The obtained results have shown that full coupling
reliability analysis conducted with ISM is recommended because FORM analysis could exaggerate sometimes the
probability of failure.
.
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